13 CH 4 measurements performed at Alfred Wegener Institute (AWI) 10 EDML δ 13 CH 4 measurements were performed using a continuous flow gas chromatography combustion isotope ratio mass spectrometry system (GC/C/IRMS) with a preceeding purge and trap extraction and pre-concentration setup. A few modifications have been made compared to the published experimental and data processing procedure 1,2 . Sample sizes between 150-200 g of ice, equivalent to 15-20 ml of air at standard temperature and pressure (STP) were used after scraping 15 off 1-2 mm at the surface with a microtome knife to minimize the risk of contamination e.g. by drill fluid. Sealed with a copper gasket in an ultra-high-vacuum stainless steel to glass sample vessel with an inner volume of 350 ml, the samples were melted after evacuation and the air stripped out of the water and vessel head space with a helium carrier gas stream (150 mL/min) for 90 minutes. 
developed, fully automated peak detection, integration and referencing script written in the Python programming language (www.python.org). This script allows uniform and comprehensible background and peak detection, genuine automation for post-processing (like e.g. long term trend corrections) and data archiving. Using this script we were able to reproduce published δ 13 CH 4 data for termination I 2 , which were obtained with the software provided with the MS (Isoprime, 55
Elementar, Germany) with an offset of 0.10 ‰ (1σ: 0.17€‰, n=34) without and 0.17 ‰ (1σ: 0.15€‰) with correction for Kr interference (see below). Note that both offsets are smaller than the measurement uncertainty of this earlier data set (0.3 ‰, 1σ). This re-evaluated record for termination I was used in Figure 1 and 2 in the main text, and is also shown in supplementary Figure S1 for the comparison with the unmodified, uncorrected data of our previous publication. 60
δ 13 CH 4 measurements performed at Pennsylvania State University (PSU)
For the Vostok ice core sample measurements at Penn State University, two different extraction methods were employed. A dry extraction system 5 was used to liberate gas from ice samples where N 2 O measurements were needed 6, 7 . Trapped gases were liberated from 1-1.5 kg ice samples using a "cheese grater" oscillator with immediate cryogenic freezing of liberated air into a 35 ml stainless 65 steel sample tube immersed in liquid Helium. Once the air was transferred, the sample tube was isolated, removed from the Helium Dewar and equilibrated at room temperature before CH 4 and N 2 O analyses were performed using standard GC techniques. The sample tube was then attached to the PreCon device where the isotopic composition of N 2 O and CH 4 were determined 8, 9 . For those samples where we did not need N 2 O data, a wet extraction technique was used to liberate the 70 occluded air. Ice samples weighing 500-700 g were placed into a stainless steel extraction cylinder and sealed with a copper gasket. After evacuation, the ice was allowed to melt for 40 min in 50 °C water before being placed into a liquid nitrogen Dewar for 40 min to refreeze the meltwater. The headspace was then flushed with He (40 ml/min) through a H 2 O trap (-110 °C) with the CH 4 was isolated and attached to the PreCon for CH 4 isotopic analyses 10 . Both extraction systems were routinely checked for contamination/fractionation using standard air samples of varying sizes to mimic the amount of CH 4 we extract from the ice core samples (1-3 nmol of CH 4 ). The air standards were introduced over the residual crushed ice or degassed refrozen meltwater and processed as if they were a real ice sample. For the dry extraction runs, the average of eight separate 80 standard runs was -47.30 ± 0.31 ‰ (1σ). The average value is 0.17 ‰ lower than the assigned δ 13 CH 4 value for the air tank (-47.13 ‰ VPDB) but within the uncertainty associated with the method itself. For the wet extraction system, we processed 15 standard air samples through degassed water samples. The average δ 13 CH 4 value for these runs was -47.10 ± 0.34 ‰. These results are close to the assigned value for the standard (-47.13 ‰) and 0.2 ‰ higher than the results 85 from the dry extraction system. To account for the δ 13 CH 4 difference between the two extraction systems, we add 0.2 ‰ to all the dry extraction data to be consistent with the wet extraction data and the assigned value for the air standard. We estimate the overall uncertainty based on the replicate analyses of the standard air samples to be 0.3 ‰ (1σ).
Correction of δ 13 CH 4 data due to Kr interference during IRMS measurements 90
The chromatographic separation of CH 4 and the noble gas krypton (Kr) imposes special demands on a setup used to separate air components, owing to the very similar physico-chemical properties of these compounds. Kr has previously not been accounted for in δ 13 Figure S1 ). The results are further calibrated internally and are tied to the VPDB scale as outlined in section 1.1.
Unfortunately, an analogous direct approach could not be applied to the Vostok ice core δ 13 CH 4 acquisitions performed at the PSU, as the raw chromatograms were not stored after processing the δ 13 C data. Instead, we had to choose an indirect way to correct for the Kr effect in the Vostok 125
For the purpose of this correction the atmospheric krypton mixing ratio can safely be considered constant over time 11, 12 . If instrumental conditions are uniform, the Kr effect scales only with the atmospheric concentration of methane, it is thus directly proportional to the Kr/CH 4 ratio 11 . We Figure S2 ), yielding a dependence of to 0.7 ‰ and 0.8 ‰ for the glacial stages MIS 2 and MIS 6, respectively (see Figure S1 ). Note that while these corrections on the PSU and AWI data of several tenth of a permille are significant, they 150 are still small compared to the atmospheric changes of several permille observed in our ice core data on glacial/interglacial time scales, and do not influence our interpretations.
AWI and PSU laboratory inter-calibration
In order to minimize offsets between the absolute standardization of both laboratory setups at the AWI and the PSU, we performed inter-calibration measurements on three IPY air samples and on 155 ice core samples from the WAIS Divide ice core WDC05 A (79°27.70S 112°7.510W; 1.759 masl.).
We applied the CH 4 dependence of Δδ 13 C Kr to account for the Kr effect encountered in the ice core and air sample measurements using the PSU instrument, and the raw data correction procedure methane is subject to gravitational settling, that enriches the heavier isotope at the bottom of the firn 170 column 15 . In addition, strong concentration gradients caused by rapid atmospheric methane concentration changes, induce diffusive fluxes that lead to isotopic fractionation 16 . Finally, thermal diffusion corrections are required when large temperature gradients exist in the firn layer 17 .
Temperature variations at Kohnen Station (EDML core site) and Vostok have been slow during the last glacial cycle. Hence, the firn column down to the close-off depth was essentially in thermal 175 equilibrium and thermal diffusion effects are negligible for the datasets presented here.
In order to quantify the order of magnitude of the respective diffusion effects, we used a firn diffusion model 18 with a parameter set adapted to the glacial EDML core characteristics to calculate the combined effects of diffusive fractionation due to gravitation and concentration changes at the surface (see Figure S3) . accumulation and up to -1.05 ‰ for maximal temperature and accumulation rate, while the best guess scenario amounts to -0.85 ‰. However, the effect is short-lived and decreases to levels below our experimental uncertainty in less than 150 years after the initial methane increase. After about 200 500 years the δ 13 CH 4 value is essentially back at its starting value before the CH 4 increase. During the slower decline of methane concentration back to the base level of 350 ppb, the highest observed diffusional fractionation of -0.24 ‰ does not even exceed the measurement uncertainty. In conclusion, only those data points of our record may be affected that fall within the relatively short time window during major methane concentration increases. Accordingly, we did not correct our 205 data for these diffusion effects, but have to keep in mind that individual samples that coincide with the rapid CH 4 changes may be biased by a few tenth of a permille towards lower (more negative) 19, 20 , and is also in line 215 with model studies 21 . The error introduced by this constant correction is 0.05 ‰ at the most, and thus negligible compared to our overall analytical uncertainty of 0.3 ‰.
dD(CH 4 ) measurements performed at University of Bern
δD(CH 4 ) measurements were performed using a purge and trap extraction coupled to a gas chromatography pyrolysis isotope ratio mass spectrometer (GC/P/IRMS) system as described in 220 detail in Bock et al. (2010) 22 with some improvements which will be published elsewhere. External precision of the presented data is about 2.5 ‰ (1σ) based on standard air measurements of corresponding size. In Figure 3 of the main text the error bars represent the standard deviation of standard air measurements (1σ: 1.8 ‰ to 2.9 ‰) used to calibrate the corresponding samples. All δD(CH 4 ) values are given with respect to the international Vienna Standard Mean Ocean Water 225 (VSMOW) scale. No corrections (e.g. gravitational enrichment) have been applied, as these corrections would only be of minor importance regarding the analytical uncertainty, and do not affect our conclusions. Note, that no Kr interference occurs for our δD(CH 4 ) system.
Age scales

Ice core records 230
If not stated otherwise, all gas ages in this document are reported according to a chronology based on the new synchronization effort for EPICA and various other ice core chronologies by LemieuxDudon et al. (2010) 23 , hereafter denoted as "Unified" age scale. Where applicable, a direct age calculation was performed by linear interpolation of the depth-age relationship provided by
Lemieux-Dudon et al. (2010) 23 . Other records required additional conversion steps according to the 235 procedures described below.
Vostok δ 13 CH 4 and CO 2 records
For Vostok we adopted the published Vostok depth to EDC3 gas age relationship of the Vostok CO 2 record and interpolated corresponding EDC3 ages for the Vostok δ 13 CH 4 data. However , we 240 observed an evident misalignment of the fast methane concentration rises at Dansgaard/Oeschger (DO) event 24 compared to EDC CH 4 data 26 . As part of the focus of our work is directed at relative timings of δ 13 CH 4 and CH 4 rises, we performed a manual methane synchronization to account for this offset. Therefore, we picked five tie-points in between DO event 21 and the Termination 2 methane rise at peak flanks (Supplementary table 3 ) and interpolated the included data points 245 linearly to the EDC3 age scale 27 . The EDC3 ages including the adjusted section between 83.6 kyr BP and 128.9 kyr BP were then converted to the target "Unified" age model. The adjustments were also applied to the Vostok CO 2 record used in this work 26, 28 . Note that the applied adjustments do not affect the conclusions in this publication on the decoupling of CH 4 and δ 13 CH 4 or on the coupling of δ 13 CH 4 and atmospheric CO 2 . 250 
Byrd atmospheric CO 2
No official age conversion to the "Unified" age scale exists for the Byrd ice core. Hence, we performed another
Relative sea-level
No direct age conversion to the "Unified" target age scale could be applied to the relative sea-level Figure S4 illustrates the missing imprint of the rapid atmospheric methane concentration variability on the carbon isotopic signature of methane in conjunction with the six strongest DO warmings throughout the last glacial. Segments of the CH 4 30 and δ 13 CH 4 data sets, centered around the respective methane rise, have been aligned (Figure S4 a) ) in order to study the phasing and individual timing of the concentration changes and its counterpart in δ 13 CH 4 (Figure S4 b) ). Note 275 that the data points in δ 13 CH 4 closest to the most vigorous methane increases are likely biased by diffusional fractionation in the firn column (see discussion above). This may lead to offsets of δ 13 CH 4 data points close to major CH 4 changes. For example, the two negative excursions in δ 13 CH 4 of less than 1 ‰ at DO 8 and termination I are located so close to the corresponding methane increase, that they can be attributed to the diffusional fractionation effect. We mark the 280 range of possibly affected values in Figure S4 with a box of the width of 150 yr (gray bar), according to the maximum duration in our firnification model exercise, where the effect of the diffusional fractionation exceeded our experimental uncertainty range of 0.3 ‰. We also show the two major methane increases of termination I and II (right pair of panels in Figure S4 ). There is no apparent imprint of rapid methane variability on its carbon isotopic signature over the respective 285 DO events and deglaciations.
Proxy evidence for C4 plant expansion
Methane production under natural conditions involves the decomposition of organic precursor material that has previously been accumulated by plants through photosynthetic sequestration of CO 2 . Owing to fundamental physiological differences of the two major photosynthetic pathways, 290 which characteristically discriminate the heavy isotope ¹³C during carbon assimilation, the typical ranges of isotopic signatures imposed on the plant material differ considerably 34, 35 . 85-90 % of terrestrial plant species today, covering the whole spectrum of vegetation from grasses and herbs to shrubs and trees, follow the C3 photosynthetic pathway 36 . C3 plant biomass is characterized by a depleted δ 13 C signature (-32 ‰ --22 ‰), caused by the lower reactivity of 13 CO 2 with the primary 295 carboxylating enzyme RUBISCO 37 . C4 vegetation on the other hand, mostly grasses and sedges, are able to pre-concentrate CO 2 internally at the cost of reduced quantum yield 38 . As a consequence, C4 plant carbon fixation fractionates less against ¹³C (~-16 ‰ --9 ‰). The isotopic composition of the terrestrial biosphere, i.a. the pre-cursor biomass for methanogenesis, is controlled by the primary productivity of an assemblage of plants under local growth conditions, the individual adaptation of 300 its members to this conditions, as well as its tolerance against limitation factors. Plants of both photosynthetic pathways are unequally tolerant to limitations in CO 2 , light intensity, local temperature, and to moisture and nutrient availability 35, 39, 40 . Seasonality of precipitation has an equally significant impact on the local balance between C3 and C4 vegetation 40 . However, the relative importance of any of the limitations, especially in terms of a competitive advantage of plant 305 families against others in the struggle for habitats, remains an unresolved and vitally discussed question 36, [41] [42] [43] [44] [45] .
Accordingly, it is neither physiologically well constrained how strong a C3 to C4 plant shift might have been in tropical regions under generally colder, drier conditions, and low CO 2 levels that were characteristic for the glacial period, nor is it extensively documented by the scarce terrestrial proxy 310 evidence from these areas. Such a shift, however, is one of the relevant processes of our hypothesis to explain the observed, very pronounced δ 13 CH 4 changes. Therefore, we will now discuss some of the ecosystem evidence that is available and relevant for our hypothesis.
In temperate regions in Northern-and Meso-America 46 and the Chinese loess plateau [47] [48] [49] Africa (at least near lake Challa) persisted during both wet and dry phases under glacial 355 conditions 76 . For the δ 13 CH 4 change observed in our record we speculate that seasonally inundated wetlands played an increasing role for CH 4 emissions during cold climate conditions. These tropical non-permanent wetlands should foster the shift to open grasslands with high C4 contribution, as the higher water use efficiency and productivity of the C4 plants under low CO 2 levels in glacial periods should proof advantageous in this environment of seasonally contrasting very dry to very 360 wet conditions.
Impact of location and habitat on the isotopic signature of C3 plants
Environmental factors as humidity, light availability, CO 2 concentration and use of recycled CO 2 differ largely between C3 plant habitats like rainforest and savanna 77 . Dense closed canopy rainforest habitats provide a higher degree of natural protection from wind movement and hence 365 reduced water loss and air mass exchange, but on the other hand increase the competition for light intensity. The low photon flux caused by the light deficit for example diminishes carbon fixation rates, especially in the undergrowth vegetation. Lower vegetation layers furthermore assimilate more respired CO 2 that already underwent fractionation 78, 79 . Rainforest habitats have much higher water supply and air moisture levels compared to open vegetation types. Reduced evapo-370 transpirative water loss in closed canopies allows longer periods of opened leaf stomata and, thus, increased CO 2 levels in the leafs. Light deficit and high intracellular CO 2 levels enhance the discrimination of the heavier 13 C isotope during photosynthesis 80 .
In contrast, open shrub, herb and grassy C3 vegetation is, especially in low latitudes, exposed to high levels of direct sunlight and high leaf temperatures. To avoid extensive water loss, the stomatal conductance of these plants is 375 usually highly restricted 37 , and carbon dioxide limitation in the leaf cells reduces the relative discrimination of the heavier isotope by the enzymes involved in photosynthesis. As a consequence of these effects, C3 rainforest plant material is found to be 3-4 ‰ more depleted than C3 plant material from open savanna 77 .
Role of water table changes
Hydrological changes in the past have direct implications on water table heights in wetlands. The soil oxidative layer thickness directly affects the net/gross primary productivity and thus CH 4 emission strength of a given wetland system. But an increased/decreased oxidative layer thickness would also induce an enrichment/depletion in the mean δ 13 CH 4 signature of emitted methane as a 385 higher/lower proportion of methane is oxidized on its way to the surface. This parameter is highly dependent on the local hydrology, topography and soil characteristics and poorly constrained spatially and over time. Our record suggests that it is of minor importance for the millenial scale variability of methane over the DO cycles as there is no remarkable imprint on δ 13 CH 4 . A general contribution to the glacial-interglacial difference in δ 13 CH 4 due to enhanced global aridity in the 390 course of the glaciation, however, cannot be ruled out. 10. Sowers, T. Atmospheric methane isotope records covering the Holocene period. Quaternary gas chromatography/pyrolysis/isotope ratio mass spectrometry system for high-precision δD The synchronization was performed with EDC 26 and Vostok 83 atmospheric methane records. The EDC3 ages of the five listed Vostok sample depths were adjusted according to the corresponding EDC tie points. All Vostok records presented in this study are dated according to this adjustments. 715 
Figure legends
Supplementary
